The separation of isopropanol from aqueous vapours near the azeotropic composition was investigated using fixed beds packed with type A molecular sieves and biobased adsorbents. Natural palm stones, oak and corncobs were used as new biobased adsorbents. It was possible to break the azeotrope up using any of the afore-mentioned adsorbents. However, in terms of the breakthrough time and the purity of isopropanol in the condensate, the 3 Å molecular sieve was the best followed by 4 Å, palm stones, natural corncobs, natural oak and 5 Å molecular sieves. Activated carbons prepared from the biobased adsorbents showed a lower performance than their natural precursors.
INTRODUCTION
Azeotropic mixtures are not separable by conventional distillation methods since their saturated liquid and saturated vapour components have the same composition. Several methods have been suggested for separating azeotropic mixtures such as azeotropic distillation, reactive distillation, extractive distillation, membrane processes and adsorption.
Alcohols often form azeotropes with water and finding a separation method with the potential of low economic cost could be of considerable interest. Adsorption methods would have this potential (Lee and Ladisch 1987) . The adsorption process is based on choosing adsorbents that are applicable for the sorption of the desired species (water in this case) with a minimum cost and in the best performance manner. Desiccants have shown good performance towards water adsorption. They include molecular sieves, silica gel, lithium chloride and biobased adsorbents (Beery and Ladisch 2001) .
Of these, only biobased adsorbents are derived from renewable resources, with polysaccharides being the primary adsorptive material in such adsorbents (Beery and Ladisch 2001) . Ladisch and Dyck (1979) found that biobased adsorbents provide a positive energy balance compared to other adsorbents and gave even better results compared to other separation methods such as extractive distillation (Lee and Ladisch 1987) . Corn has been used most frequently as a biobased sorbent for the separation of water-based azeotropic mixtures (Ladisch and Dyck 1979; Neuman et al. 1986; Lee et al. 1991; Westgate and Ladisch 1993; Ladisch 1997; Hu and Xie 2001) , with ethanol-water being the system most extensively studied. However, corn has also been used to separate other water-based azeotropic mixtures such as the n-propanol-water system and the isopropanol-water *Author to whom all correspondence should be addressed. E-mail: banatf@just.edu.jo. system (Ladisch et al. 1984) . Other types of starch-based adsorbents have also shown positive results in the break-up of water-based azeotropes, such as wheat and soy flour (Riganakos et al. 1994 ), maize (Crawshaw and Hills 1990 , 1992 and potato granules (Czepirski et al. 2002) . Ladisch et al. (1984) found that ground corn has the ability to dry isopropanol.
Molecular sieves with uniform pore-size distributions have been taken as reference materials for comparing water adsorption performance on biobased adsorbents (Trent 1993) . There are many types of molecular sieves, but the one most used is type A. This type is classified according to the size of the pores in the crystal, the most well known being the 3 Å, 4 Å and 5 Å. Molecular sieves have also been used to separate water-based azeotropic mixtures such as the ethanol-water system (Teo and Ruthven 1986; Sowerby and Crittenden 1988; Trent 1993) and the isopropanol-water system (Jain and Gupta 1994). The latter workers used 4 Å molecular sieves to separate the isopropanol-water system and found that this adsorbent is effective in separating the system with an adsorption capacity of 0.25 g water/g dry adsorbent.
In the present work, new biobased adsorbents, including palm stone (natural and activated), oak (natural and activated) as well as natural corncobs, were considered for removing and purifying isopropanol from an isopropanol-water mixture. Type A molecular sieves with three pore sizes, viz. 3 Å, 4 Å and 5 Å, were also used to separate the isopropanol-water mixture and employed as reference materials for comparative purposes. The main objectives of the present work were therefore to: (1) examine the potential use of abundant and low-cost agricultural solid waste materials in the separation of an isopropanol-water azeotropic mixture; (2) explore the effect of thermal activation on the drying capacity of the biobased adsorbents; and (3) compare the separation performance of the biobased adsorbents with those of molecular sieves under similar operating conditions. The performance of the molecular sieves and biobased adsorbents examined was determined and discussed in terms of their breakthrough behaviour.
MATERIALS AND METHODS

Adsorbents
Type A molecular sieves with three pore sizes, i.e. 3 Å, 4 Å and 5 Å, were used in this work. The 3 Å molecular sieves were obtained from Scharlau Chemie (Spain), while the 4 Å and 5 Å molecular sieves were obtained from the Associated Cement Companies Ltd. (India). The molecular sieves were dried in an oven at temperatures in the range 190-210°C for 24 h to ensure that all humidity within the molecular sieve crystals had evaporated (Trent 1992) . The dried molecular sieves were then stored in bottles placed in a glass chamber that contained silica gel so that no water vapour could be sorbed onto the molecular sieves.
Natural palm stones, oak and corncobs were used as biobased adsorbents. The palm stones and oak were washed with distilled water and then dried in an oven for 24 h at 70-80°C. The dried natural palm stones and oak were crushed and re-dried. They were then kept in bottles that were stored in a glass chamber containing silica gel to avoid the sorption of water vapour on the materials. Corncobs were sliced into small pieces using a knife and washed with distilled water before being dried in a packed bed using flowing nitrogen for 6 h at a temperature of 90°C. This was to ensure that no biological degradation of the polysaccharides within the corncobs occurred (Westgate and Ladisch 1993). The dried corncobs grits were then stored in bottles in a glass chamber containing silica gel to avoid the sorption of any water vapour on the treated corncob.
Preparation of activated carbon
Crushed palm stones and oak were sieved and a size fraction of 0.125-0.212 mm was used for thermal activation. The process of converting palm stones and oak to activated carbon involved two stages, i.e. carbonization and activation. Both stages were performed in a stainless-steel reactor (400 mm length, 30 mm i.d.) fitted into a vertical tube electrical furnace (HERAEUS D-6450). A known amount (ca. 20 g) of the natural material was placed on a metal mesh in the reactor, heated at a rate of 35°C/min to 700°C and held at this temperature for 2 h in a nitrogen atmosphere. The carbonized materials were then activated at 900°C for 30 min under a carbon dioxide flush. The resulting activated materials were washed with 0.1 M H 2 SO 4 to dissolve and remove any residual ash, followed by washing with distilled water and drying.
Bench-scale fixed bed adsorber
The bench-scale fixed bed adsorber apparatus is depicted schematically in Figure 1 . The adsorbent was packed into the fixed bed (14.6 mm i.d. × 25 cm bed depth). The column wall temperature was maintained constant by circulating hot water through the jacket that was also wrapped with heating tape to ensure that the temperature of the circulating water was maintained at a fixed value.
In a typical run, vapour was introduced into the fixed bed adsorber from a flask surrounded by an electric heating mantle whose heat input was controlled by a variable transformer. The temperature of the mixture in the boiling flask was measured by means of a thermocouple while the atmospheric pressure was assumed constant (760 mmHg). The outlet vapour stream was condensed using cold water as a cooling medium and the collected condensate removed every 4 min when its volume was ca. 6 ml. Thus, the average condensate flow rate achieved by controlling the heat input by manipulating the power supply was ca. 1.5 ml/min. The water content of the condensate was measured using a Karl Fischer titration apparatus (Harvard AF5 model, UK), the error in the water content analysis being to within ± 0.1 wt%.
Average water concentration in the product
In all the experiments conducted, a quantity of feed with a known composition was charged into the boiling flask and heat was applied to it. The wet vapour generated, which was in equilibrium with the boiling liquid, was introduced into an adsorption bed where the water vapour was removed selectively. After such adsorption, the remaining vapour was condensed to give a product in which the alcohol concentration was higher than in the feed. This process resembles a batch distillation conducted under unsteady state conditions where the composition of both the initial charge and distillate change with time.
The water concentration of each sample collected at the outlet was determined from a knowledge of the concentration and volume of samples collected at different time intervals. The average concentration of all the outlet-collected samples, C w,avg. , was then calculated using the following expression:
( where C w,i is the water concentration in the ith sample (mol/l), V i the volume of the ith sample (ml) and n the number of outlet-collected samples.
RESULTS AND DISCUSSION
Breakthrough curves using molecular sieves
The effluent composition of the condensate was monitored until complete breakthrough of water had occurred during an adsorption experiment, the vapour flow rate being ca. 1.5 ml/min. Breakthrough was assumed to occur when the effluent contained 2.0 wt% water. This value was chosen because it so happened that the water concentration in the first condensate droplets was greater than 1.0 wt% when some of the adsorbents were used. Figure 2 depicts a plot of the normalized effluent water concentration versus the experimental time. This demonstrates the classical sigmoidal shape of a breakthrough curve and indicates that the effluent water concentration obviously depended on the pore size of the molecular sieves. Figure 2 also shows that the 3 Å, 4 Å and 5 Å molecular sieves were capable of breaking up the isopropanol-water azeotrope, which occurred at ca. 13 wt% water content (Westgate and Ladisch 1993). The 3 Å and 4 Å molecular sieves were capable of producing dry alcohol in the first 35 and 30 min of operation, respectively (Figure 2) , the time needed to reach the plateau value (C/C 0 = 1) being ca. 120 min. Similar figures were obtained when the feed water concentration was 10 wt% and 16 wt%, respectively (not depicted in the figure) . The breakthrough time and average concentration of water in the condensate are listed in Table 1 , the data showing that an increase in the initial water content in the feed solution led to a decrease in the breakthrough time. Thus, for 3 Å molecular sieves for example, the breakthrough time was 70.7 min at a water concentration of 10 wt%, but decreased to 55.3 min at 13 wt% and to 37.3 min at 16 wt%. This could be related to the fact that increasing the water content in the feed mixture introduced more water vapour into the fixed bed and hence equilibrium was attained more rapidly. The average concentration of water in the condensate increased as the inlet water content increased (Table 1) .
In general, the results depicted in Figure 2 and listed in Table 1 show that for comparable operating conditions the performance of the 3 Å molecular sieves in adsorbing water from an isopropanol-water vapour feed was superior to that of the 4 Å and 5 Å molecular sieves. This conclusion was based on the requirement of producing dry isopropanol with long breakthrough times. Thus, the performance of type A molecular sieves deteriorated as their pore size increased.
Since the diameter of the water molecules is 2.8 Å (Trent 1993) , such molecules could easily penetrate the pores of the molecular sieves used in the present study. In contrast, isopropanol molecules with diameters of 4.99 Å (Westgate and Ladisch 1993) could not penetrate the 3 Å and 4 Å molecular sieves. However, isopropanol molecules could pass through the 5 Å pores and thereby be adsorbed. For this reason the 5 Å molecular sieves were less selective, with their adsorption sites being saturated with both water and isopropanol earlier than with the two other types of molecular sieves studied which could only adsorb water molecules. In addition, the better performance of the 3 Å molecular sieves may be attributed partly to their higher surface area compared to those of the 4 Å and 5 Å molecular sieves. Hence, the performance of the 3 Å molecular sieves was used as the basis for the comparison of the performances of the new biobased adsorbents examined in this work.
Breakthrough curves using biobased adsorbents
Three types of biobased adsorbents were used for the separation of the isopropanol-water system using three different initial water contents. The biobased adsorbents examined were corncobs, palm stones and oak. The carbons obtained by thermal activation of palm stones and oak were also used in the experiments. The breakthrough curves of these biobased adsorbents at a water feed concentration of 13 wt% are depicted in Figure 3 .
The shapes of the breakthrough curves of the biobased adsorbents were similar to those observed with molecular sieves (Figure 2) . However, the time necessary to attain the plateau value was 100 min, i.e. shorter than that with the molecular sieves. This could be attributed to the fact that the structures of the examined biobased adsorbents were non-uniform in contrast to the uniform nature of the molecular sieve structures. The breakthrough times and the average outlet water concentrations are listed in Table 2 . These data may be used to compare the performances of the biobased adsorbents to that of the 3 Å molecular sieves. Because they exhibit the longest breakthrough time and the lowest average outlet water concentration at all water contents, natural palm stones can be considered as the most suitable biobased adsorbent of those tested for the separation of the isopropanol-water system (Table 2) . It is believed that the number of oxygen active groups in palm stones to which water molecules might be bonded could be greater than those of the other biobased adsorbents examined. As demonstrated by the data in Table 2 , activation of palm stones or oak had no positive effect on the performance of these adsorbents. In fact, the adsorption performance of these adsorbents deteriorated after activation. Thus, the breakthrough time achieved by natural palm stones was 11 min longer than that achieved by the activated form at 13 wt% water content. In addition, the average outlet water concentration increased from 4.02 mol/l to 4.24 mol/l at 13 wt% feed water content when activated oak was used instead of natural oak. The destruction of active oxygen groups upon activation is expected to be the cause of such behaviour. Nevertheless, Vanger et al. (2002) have used activated carbons derived from coconut shells for water vapour adsorption.
The biobased adsorbents showed a better performance towards water vapour adsorption compared to the 5 Å molecular sieves (see data in Tables 1 and 2) . For example, the breakthrough time of the 5 Å molecular sieves at 13 wt% water content in the feed was 22.0 min, i.e. shorter than those of all the biobased adsorbents examined at the same water content except for activated oak. Thus, on the basis of the breakthrough time, the performance of the adsorbents examined in this work towards isopropanol drying can be listed as: 3 Å sieve > 4 Å sieve > palm stones > natural corncobs > activated palm stones > oak > 5 Å sieve > activated oak.
When 5 Å molecular sieves were employed, the average outlet water concentration was higher than that for all the other adsorbents. This was possibly due to the adsorption of isopropanol molecules on the 5 Å molecular sieves. It is worthy of mention that the breakthrough behaviours of the biobased adsorbents examined were similar to those of the molecular sieves; as the initial water content increased, the breakthrough time decreased and the average water concentration in the condensate increased.
The breakthrough behaviours of the molecular sieves (3 Å, 4 Å and 5 Å) and of natural palm stones are compared in Figure 4 . Although the performance of the 3 Å and 4 Å molecular sieves was better than that of palm stones, the main concern in any chemical process is the economic aspect. In adsorption, finding new adsorbents with a high adsorption potential is very important. Furthermore, adsorbents from natural resources are usually less expensive than synthesized adsorbents such as molecular sieves. Hence, despite the fact that molecular sieves (3 Å and 4 Å) exhibited a higher adsorption capacity than the natural adsorbents examined in this study, those like palm stones are more attractive environmentally because their disposal as non-toxic, biodegradable spent materials are harmless as far as the environment is concerned.
CONCLUSIONS
The selective adsorption of water vapour by type A molecular sieves and biobased adsorbents including palm stones, oak and corncobs was examined as a means of breaking up the isopropanol-water azeotropic system. The influence of water content on its separation from isopropanol was also investigated.
All of the adsorbents examined were capable of breaking up the isopropanol-water azeotrope. It was found that the breakthrough time decreased and the average outlet concentration of water increased as the initial water concentration in the feed solution was increased from 10 wt% to 13 wt% and then to 16 wt%. In terms of breakthrough time and purity of isopropanol in the product, the performance of the 3 Å molecular sieves was the best. Natural palm stones showed the best performance among the biobased adsorbents tested and were better than the 5 Å molecular sieves. Thermal activation of natural biobased adsorbents had no positive effect on their performance.
The use of natural biobased adsorbents such as palm stones, oak and corncobs for the production of dry alcohols such as isopropanol can provide both a cheap adsorbent and an excellent disposal option for agricultural solid wastes. Figure 4 . Breakthrough curves for the adsorption of water from the isopropanol-water system using molecular sieves of different pore sizes and natural palm stones at 13 wt% inlet water content.
